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Abstract
Spike (S) protein is a critical determinant ot “he .nfectivity and antigenicity of SARS-CoV-2.
Several mutations in the spike protein o SARS-CoV-2 have already been detected, and their
effect in immune system evasion anc enhanced transmission asa cause of increased morbidity
and mortality are being investigated. Troi.. pathogenic and epidemiological perspectives, spike
proteins are of prime interest to reser rchers. This study focused on the unique variants of S
proteins from six continents: Asia, Africa, Europe, Oceania, South America, and North
America. In comparison to th« ou:er five continents, Africa had the highest percentage of
unique S proteins (29.1%). T..» p.ylogenetic relationship implies that unique S proteins from
North America are signific.th different from those of the other five continents. They are
most likely to spread o e other geographic locations through international travel or
naturally by emerging Muwdons. It is suggested that restriction of international travel should
be considered, and massiv 2 vaccination as an utmost measure to combat the spread of COVID-
19 pandemic. It is also further suggested that the efficacy of existing vaccines and future
vaccine development must be reviewed with careful scrutiny, and if needed, further re-
engineered based on requirements dictated by new emerging S protein variants.
Keywords: SARS-CoV-2, Invariant residues, Mutations, Spike protein, Continents, VVaccines.
1. Introduction

The world is experiencing a health emergency due to Coronavirus disease (COVID-19),
caused by an enveloped positive-sense single-stranded virus, severe acute respiratory
syndrome coronavirus (SARS-CoV-2) [1, 2, 3, 4, 5, 6]. The spike (S) protein is a
homotrimer present on the surface of the SARS-CoV-2 and recognizes the human host cell
surface receptor angiotensin-converting enzyme-2 (ACE2) [7, 8, 9, 10]. The interaction
between the S protein of SARS-CoV-2 and its cellular receptor ACE2 is driven by high
affinity/avidity. Therefore, neutralization by antibodies does not only require specifically
binding antibodies, but antibodies that have high affinity/avidity towards S1 subunit of S
protein [11]. It is worth mentioning that this particular aspect is directly related to the
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variability of S1 (and its isoelectric points) as this may modulate the affinity of binding [12].
The importance of antibody avidity for protection towards SARS-CoV-2 (and other viruses)
has been recently reviewed [12]. From the beginning of the second wave of COVID-19
infection, various SARS-CoV-2 variants emerged raising concern of enhanced transmission and
mortality of the virus and reduced efficacy of vaccine protection [13, 14]. Some of the studies
opposed the perception of SARS-CoV-2 mutations as distinctive pathogenic variants and
increased rate of transmissibility were questioned [15, 16]. However, the frequency of the
mutant strains within the SARS-CoV-2 populationcarrying the D614G mutation in the spike
protein clearly plays a role in enabling the virus to spread more effectively and rapidly [17].
Epidemiologists have been constantly monitoring the evolution of SARS-CoV-2 with a
particular focus on the spike protein and other interacting proteins of the virus [17, 18]. The
D614G mutation in the S protein discovered in early 2020 makes the virus able to spread
more effectively and rapidly [19]. The D614G mutation has Yeen found to be related with
high viral loads in infected patients, and high rate of infections. o.* not with increased disease
severity [20]. Various mutations in the S protein make the $AR.-CoV-2 more complex and
hence it is more difficult to characterize its severity, iricctivicy and efficacy of vaccines
designed to target S protein. Not all mutations are acv.tajeous to the virus but several
mutations or a set of mutations may increase the transmizzion potential through an increase in
receptor binding or the ability to evade the host immur 2 response by altering the surface
structures recognized by antibodies [21, 22, 23].

To contain the spread of the COVID-19, i*. 1, definitely of high interest to detect and
identify various unique emerging variants Jt < proteins. Additionally, it is also worth
investigating the impact of new S protein v.*ia*s on viral infectivity and potential to spread
rapidly as well as to ascertain the origii. of the spread of the new variants concerning spike
protein variabilities. Accordingly, it might .2 possible to segregate the set of new variants
with respect to individual characteristicz of SARS-CoV-2, which would undoubtedly help
policy makers to form various strat :c.e.. (0 contain the spread of the virus. There are a large
number of different SARS-CoV-2 > niutein mutant sequences currently available in the NCBI
virus database. In this study, all avc.ilable S protein sequences from six continents Asia, Africa,
Europe, North America, Sou*h ;" merica, and Oceania were analyzed for their uniqueness and
variability. An inter-linkag® was made among the unique S proteins available on the six
continents.

. Data acquisition anr. me.r2ds

S protein sequences frem all six continents (Asia, Africa, Europe, Oceania, South America,
and North America) were downloaded in FASTA format from the National Center for
Biotechnology Information (NCBI) database (http://www.ncbi.nIm.nih.gov/). Further, FASTA
files were processed in Matlab-2021a for extracting unique S protein sequences for each
continent.

Phylogenetic Analysis

To filter sequences with low quality (unknown amino acids *X”) and remove redundant
sequences, the SegKit tool was used, with the tools fx2tab and rmdup respectively [24]. The
filter removed all sequences that had one or more X’ and all redundant sequences (100%
identical). The amino acid sequences were aligned using the MegaX program with MUSCLE
algorithm, and after it was performed a phylogeny calculation with the Neighbor-joining
method, considering 3919 taxa sequences and 530 sites [25, 26]. The alignment was used as
input in Archeopteryx 0.9914 with the multiple alignment inference option, following the
parameters of maximum allowed gaps ratio 0.5, minimum allowed non-gap sequence length 50
and distance calculator Kimura correction [27]. The phylogenetic trees were analyzed and
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edited in the Archeopteryx 0.9914tool.
Frequency probability of amino acids
Any protein sequence is composed of twenty different amino acids with various frequencies

starting from zero. The ability of occurrence of each amino acid Ai is determined by the

formula @Where f(Ai) denotes the frequency of occurrence of the amino acid A; in a

primary sequence, and | stands as the length of an S protein [28]. Hence for each S protein, a
twenty-dimensional vector considering the frequency probability of twenty amino acids can
be obtained. Based on this frequency probability, the dominance of amino acid density in a
given protein is illuminated.
Evaluation of normalized amino acid compositions

The variability of the amino acid compositions of the unique S-proteins from each continent
was evaluated using the web-based tool Composition Profiler (http://www.cprofiler.org/) that
automates detection of enrichment or depletion patterns of indivicual amino acids or groups of
amino acids in query proteins [29]. In this analysis, we used sew. of unique S-proteins from
each continent as query samples and the amino acid of the orig'nal S-protein (UniProt ID:
PODTC2) as a reference sample that provides the be.ngtuund amino acid distribution.
Composition profiler generates a bar chart composed of tve: *v uata points (one for each amino
acid), where bar heights indicate normalized enrichment or depletion of a given residue. The
normalized enrichment/depletion is calculated as

Ccontinent - Cor"gimu !

Corig nr.i
where Ceontinent 1S the content of given resi~ue .1 the query set of S-proteins in a given
continent and Corigina 1S the content of u.2 scme residue in the original S-protein. For
comparison, we generated composition ~ofile of disordered proteins, where normalized

.l Cpi «—C - . . .y -
composition was evaluated as 222" —FPB (Chin. IS content of a given amino acid in the

CppB
set of intrinsically isordered protei'is . the DisProt database [30]; Cppg is content of the

given residue in the dataset of ful®*’ o.4zred proteins, PDB-Select-25 [29]). In these analyses,
the positive and negative values roauced in the compositional profiler indicated enrichment
or depletion of the indicated re:idue, respectively.
Amino acid conservation Shanno. encropy

How conserved/disordereu *h’. amino acids are organized over S protein is addressed by the
information-theoretic me. sure known as ’Shannon entropy’ (SE). For each S protein, Shannon
entropy of amino acid vnservation over the amino acid sequence of S protein is computed
using the following formula [31, 32]:
For a given amino acid sequence of length I, the conservation of amino acids is calculated as
follows:

20
SE = — Zpsi log,0(ps;)
i=1

where pg, = % ki represents the number of occurrences of an amino acid s; in the given
sequence [33].
Isoelectric point of a protein sequence

The isoelectric point (pl), is the pH at which a molecule carries no net electrical charge or
is electrically neutral in the statistical mean. We calculate the theoretical pl by using the
pKa’s of amino acids and summing the net charge across the protein at a given pH (default is
typical intracellular pH 7.2), searching with our algorithm for the pH at which the net charge
is zero [34]. The isoelectric point is a powerful tool to predict and understand interactions
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between proteins, proteinsand membranes or to determine the presence of protein isoforms
[35]. Furthermore, it is noted that the isoelectric point is one of the prime keys for
understanding a variety of biochemical properties of protein sequences [35, 36]. Note that the
isoelectric point of a protein sequence was computed here using the standard routine of Matlab-
2021a. This parameter was deployed to characterize the unique S protein sequences,
quantitatively.
Intrinsic disorder analysis

Intrinsic disorder predisposition of S protein from the original (Wuhan) version of SARS-CoV-
2 was analyzed by a set of six commonly used disorder predictors, such as PONDR® VLXT,
PONDR® VL3, PONDR® VSL2B, PONDR® FIT, 1UPred2 (Short) and IUPred2 (Long),
which were selected for their specific features. The outputs of the evaluation of the per-
residue disorder propensity by these tools are represented as real numbers between 1 (ideal
prediction of disorder) and 0 (ideal prediction of order) [37, 78. 39, 40, 41]. Thresholds of
>0.15 and >0.5 were used to identify flexible and disordered re-idues and regions. Intrinsic
disorder profile of this protein was generated by DiSpi/RIDA() we b-crawler that combines the
outputs of PONDR® VLXT, PONDR® VL3, PONDR® %" 528, PONDR® FIT, IUPred2
(Short) and IUPred2 (Long) on the one plot and comple mer( them by the errors evaluated
for mean disorder profile calculated by averaging protnos of individual predictors. Analysis
of intrinsic disorder predisposition of unique variants 7f S protein was conducted by PONDR®
VSL2B. This tool is commonly used in the analysis ~t 'sorder predisposition of proteins and
systematically shows good performancein various « omparative analyses, including the recently
conducted Critical assessment of protein intiirn.'c disorder prediction (CAID) experiment,
where PONDR® VLS2B was recognized 2 ,reciator #3 of the 43 evaluated methods [42].

. Results

We first determined the set of urique S protein sequences from each continent. Further,
every unique S protein from a continen. vas compared with other unique S proteins from five
continents, and the lists of the same are >iesented in Tables12-17. Also, the variability of the
S proteins from each continent w7 ~huwn using Shannon entropy and isoelectric point.
Unique spike proteins in the continei.*s

In Table 1, the number o7 total sequences, unique sequences and percentages are
presented. Note that, a corolev. list of unique S protein accessions and their names (continent-
wise) were made availabls 1. supplementary file-1. Note that, sequence accession is renamed as
Ck where C stands 7nr cantinent code (Asia:AS, Africa:AF, Oceania:O, Europe:U, South
America:SA, and North ,America:NA), and k denotes the serial number.

Table 1: Percentages of continent-wise unique spike (S) proteins

Continent  Total S proteins Unique S Percentage, Percentage,
(T) proteins (U)  continent-wise worldwide
%uoo 16U73x100
Africa 984 286 29.065 1.772
Asia 2314 432 18.669 2.676
Europe 1006 187 18.588 1.158
Oceania 9920 1121 11.300 6.944

South 464 71 15.302 0.440



America

North 113072 14046 12.422 87.010
America
Worldwide 127760 16143 12.635 —

The highest percentage (29.065%) of unique S proteins were found in Africa though the
total number of available sequences is significantly low as compared with that from other
continents. Almost similar amounts (in percentage) of unique S sequence variations were found
in Asia and Europe. Among the total 127760 S proteins embedded in SARS-CoV-2 genomes,
only 16143 (12%) unique S proteins were detected so far, and notably most of the unique
variants (87%) were found in North America only.

For each continent, the unique spike (S) proteins were matci.>d with other unique proteins
from the rest of the five continents, and a total number of si'cii ‘dentical pairs are presented
accordingly in the matrix (Table 2).

Table 2: The total continent-wise number of identical S ; roteins

Continent-wise Asia Africa Europe Ncru. America Oceania South
Ny America
Asla - 25 27 169 17 17
ATrICca 25 -~ 15 (1 13 5
Europe 21 15 — (b Y 8
North America 16Y (1 I — 49 31
uceania 1/ 13 ) 49 - 5
south America 1/ 5 3 31 5 -
Total continent-wise 255 120 155 396 93 66
Unique residue S 177 157 52 13650 1028 5
proteins " ¢

From Table 2, it was ohservod that, in each continent there is still a significant
percentage of unique spike voridtions available, which are not shared with any rest of the
continents. Such percentag.~ «f unique variations of S proteins in Asia, Africa, Europe,
Oceania, South Americ, ai d North America were 41%, 55%, 28%, 92%, 7%, and 97%
respectively. The lists of pairs of identical S proteins of SARS-CoV-2 originating from six
continents are presented ir. Tables 9-11 (See Appendix). The lists of unique S proteins (from a
particular continent), which were found to be identical with some unique spike proteins from
other five continents, are presented in Tables (12-17) (See Appendix).

The frequency and percentage of invariant residue positions, where no amino acid change was
detected so far in the uniqueS proteins available in each continent, are presented in Table 3.

Table 3: The total number and percentage of invariant residue positions among 1273
positions in unique S proteins
Africa Asia Europe Oceania South America North America

Total Freq. 902 695 948 731 1070 89
Percentage 70.86 54.60 74.47 57.42 84.05 6.99

Frequency of invariant residue positions in unique S proteins from each continent
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The highest number of mutations (lowest number of invariant residue position, 6.99%)
(Table 3) were detected in the unique S proteins from North America where 12.42% unique S
protein sequences were present as mentioned in Table 1. Likewise, the lowest number
(15.95%) of mutations in unique S proteins were observed in South America where 15.3%
unique S sequences were found. Only 29.14% residues of 1273 in the unique S proteins were
mutated, although a significantly higher number (29.065%) of unique sequences were found
in Africa among the other five continents. The unique S proteins from Europe possessed only
25.5% mutations, whereas 45.5% mutations were detected in the unique S proteins from Asia
although the same percentage (18.5%) of unique spike proteins were found (Tables 1 and 3).
Further it was observed that 11.3% of the unique S proteins from Oceania possessed 42.58%
mutations.

Phylogenetic relationship among unique S-protein variants

We collected 204440 Spike protein sequences from (NCBI ~nd GAISED databases). Upon
filtering, 191536 redundant sequences were removed arnu 12904 unique sequences
(corresponding to 6.31% of the initial number of sequences) wei > selected for phylogenetic
analysis.

The resultant phylogeny for unique amino acid seqt'e. ~es from SARS-CoV-2 S-protein,
revealed a tree with polyphyleticgroups, as well as show.~a sequences from different countries
grouping together in the same clade (See Supplementary +'gurel ). On the other hand, after the
Archaepteryx analysis it was identified five predominart scauence groups between different spike
variants from different countries (Figure 1).

12T

Figure 1. SARS-CoV-2 spike amino acid phylogeny after group clusterin. * After
Archeopteryx analysis it can be identified five groups: yellow, blue, magenta, green and
black.

In this case, it can be verified that the different group colors are formed by sequences from
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the same continents, but it was identified that grouped sequences from different continent
together. Then, after these analyses it could be possible to assume that we have at least five
unique SARS-CoV-2 spike variants indicating possibilities for new ways for most specific
vaccination and drug development.
Variability through normalized amino acid composition

Additional information on the variability of the amino compositions of the unique S-
proteins from each continent relative to the composition of original S-protein from Wuhan
was retrieved using the web-based tool Composition Profiler (http://www.cprofiler.org/ ). Results
of this analysis are shown in Figure 2A, which clearly shows the presence of some noticeable amino
acid composition variability among unique S-proteins from different continents. Since
individual S proteins are different from each other and from the original S-protein mostly in
very limited number of residues, the range of changesin the normalized enrichment/depletion
of a given residue is rather limited (compare scales of Y axis 'n Figures 2A and 2B, where a
composition profile of the intrinsically disordered proteins is siiv.*n for comparison).

0.02 — pr=
H Africa
A mm Col 10
001 - =3 Europe

[ Oceania

I EE North America
I South America
0.00 + i T 5 ]
-0.01 -

CCOI’ITiI‘IeI‘It - Coriginal) / Corigina\

-0.02 -
-0.03 :

C wW I Y F L ®* VvV NMURTDGAIK QS E P
081{ B 1
0.6 -

@

g

8 0.4 -

“@

OE 0‘2 _ ’l‘
s 00 =

%

a

e

S 1] LLLE .

C W I Y F L HV NMUR T D G A K Q@ S E P
Figure 2: Composition profiles of unique S-proteins from different continents (A) in
comparison with the composition profile of typical intrinsicallydisordered protein (B).

— DisProt

On an average, unique S-proteins form Oceania were found to have the most variability in
terms of normalized amino acid composition. This was followed by the unique S-proteins from
North America. Curiously, Figure 2A shows that although the normalized content of
individual residues in the unique S-proteins from Oceania is always below that of the original
S-protein, S-proteins from other continents might have relative excess of some residues. For
example, some unique S-proteins from almost all continents can be enriched in glycine or
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histidine residues, whereas some European S-proteins can also be relatively enriched in
cysteine, isoleucine, tyrosine, phenylalanine, and lysine residues (see positive green bars in
Figure 2A). Another interesting observation is that the different sets of S-proteins are
typically characterized by rather noticeable variability of the normalized content of most
residues. The noticeable exception is given by aspartate, depletion in which isalmost uniform
between all the unique S-proteins from all the continents.
Variability through intrinsic disorder analysis

Next, we looked at the correlation between the frequencies of the mutations in unique S
proteins from different locationsand intrinsic disorder predisposition of this protein. Figure 3A
shows distribution of frequency of mutations within the amino acid sequence of this protein. It is
seen that almost each residue of has at least one mutation in different variants currently found
in the globe. In fact, only 15 residues (Met;, Leuggs, llegg7, Glyggg, LeU1g01, Tyr1007, Val;008,
G|n1010, ”81013, Argmlg, Hi31049, Gln1054, Thrllos, A3n1119, anc LeU1270) of the 1273-residue
long S protein were never mutated as of the time of this ana 'sis. Curiously, nine of these
never-changed residues are concentrated within the short regior (recidues 996-1019). Figure 3A
also shows that mutation frequencies are unevenly distributz~ v.iinin the amino acid sequence
of S protein and that the region (residues 675-691) surrouning the furin cleavage site (residues
680-686) seems to be characterized by high mutation frey tency. In fact, although the average
per-residue frequency of mutations of the entire prot<n 1. equal to 4.6, the mutation frequency
of the 675-691 region is two-fold higher (9.2). Compai.~on of the mutation frequency profile
(Figure 3A) with the per-residue intrinsic disoruct predisposition profile generated for the
original (Wuhan) version of S-protein bya set o co.nmonly used disorder predictors (Figure
3B) indicates that there is some weak corr2'au~n between these two parameters, with regions
showing more disorder typically underge’ag rnore frequent mutations. Again, Figure 3B shows
that region containing furin cleavage site is ai.>ong the most disordered segments of the S protein
(if not the most disordered one).
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Figure 3: Correlation of the s:qu~nce variability of unique variants of S protein with the

intrinsic disorder predisposition of this protein. A. Frequencies of mutations observed at each
residue of S protein in varinus \ocations. B. Intrinsic disorder predisposition of the original
(Wuhan) version of S pruwin analyzed by a set of commonly used disorder predictors. In
both plots, position o7 the furin cleavage site is shown as a cyan vertical bar.

Figure 4 provides fu.wner quantification of the per-residue mutability and disorder
predisposition of S protein. Here, dependencies of the mutation frequencies on the
corresponding disorder score evaluated by PONDR® VSL2 are shown for six geo-locations.
In Africa, S protein has 902, 296, 60, 11, and 4 residues with 0, 1, 2, 3, and 4 mutations,
which are characterized by the mean disorder scores of 0.27 + 0.15, 0.28 £+ 0.16, 0.30 + 0.18,
0.29 £ 0.18, and 0.40 £ 0.19, respectively. In Asia, 694, 437, 111, 27, 3, and 1 residues of S
protein with 0, 1, 2, 3, 4, and 5 mutations are characterized by the mean disorder scores of
0.26 £ 0.14, 0.28 £ 0.15, 0.32 + 0.16, 0.37 £ 0.18, 0.52 = 0.22, and 0.19, respectively. In Europe,
948, 265, 55, and 5 residues of S protein with 0, 1, 2, and 3 mutations have the mean disorder
scores of 0.27 + 0.15, 0.28 + 0.15, 0.33 £ 0.18 and 0.35 + 0.27, respectively. In Europe, 948,
265, 55, and 5 residues of S protein with 0, 1, 2, and 3 mutations have the mean disorder
scores of 0.27 + 0.15, 0.28 + 0.15, 0.33 = 0.18, and 0.35 = 0.27, respectively. Oceania’s S
protein has 722, 427, 107, 13, and 4 residues with 0, 1, 2, 3, and 4 mutations, which are
showing the disorder scores of 0.26 + 0.14, 0.28 £ 0.16, 0.30 £ 0.17, 0.35 + 0.21, and 0.27
0.15, respectively. In S proteins from South America variants, 1070, 193, and 10 residues



with 0, 1, and 2 mutations have mean disorder scores of 0.27 + 0.15, 0.36 + 0.13, and 0.23 £
0.10, respectively. Finally, in North America, S protein underwent most mutations and has
23, 351, 323, 234, 167, 108, 42, 12,6, 4, 1, 1, and 1 residues with 0, 1, 2, 3, 4,5, 6, 7, 8, 9, 10,
12, and 13 mutations characterized by the mean disorder scores of 0.28 + 0.17, 0.25 + 0.13, 0.25 +
0.13, 0.29 £0.17, 0.31 £0.19, 0.38 £0.16, 0.4 +0.17, 0.22 £ 0.16, 0.42 £ 0.22, 0.18, 0.25, and 0.45,
respeé:tively.
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Figure 4: Correlation of frequency of amino acid substitutions at a given residue of S-protein
and the corresponding intrinsic disorder score of this residues within the sequence of the
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original (Wuhan) version of S protein. Individual plots reflect distributions within sequences
of variants foundin different locations: A. Africa; B. Asia; C. Europe, D. Oceania, E. South
America; F. North America.

The most frequently mutated residue is Tyrag (13 mutations) followed by Val,;3 and
Thrygg with 12 and 10 mutations, respectively, all three from unique S protein variants found
in North America. This analysis shows that here is a general trend, where residues with
higher disorder levels are mutated more frequently.

Variability of unique spike proteins

We quantitatively determined the variations in the unique S proteins on six continents.
The variations were captured through the frequency distribution of amino acids present,
Shannon entropy (amount of conservation of amino acids in a given sequence), and
molecular weights and isoelectric points of a given protein secuence.

Variations in the frequency distribution of amino acids

The frequency of each amino acid was computed for each .un>ue S protein available in six
continents (Supplementary file-2 ). Maximum and minimum fir.2ncies of amino acids present
in the unique S proteins from different continents are present:d i Table 4.

Table 4: Maximum and minimum frequencies of amiru 221us present in the unique spike
proteins from different continents
Maxand A R NDCQEGHI!I ¢ K MFP S T WYV

Min of

Frequenci

es

Afric M 80 4 8 6 4 6 2 2 1 7 10 6 1 7 6 10 9 1 5 9

a ax 4 9 21 2 ¢ 4999 2580 1 8 3 6 8
M 73 4 85 3 . 4 7 1 7 105 1 7 5 94 9 1 4 9
in 0 58 ¢ v 58432 7 3 25 0 1 9 3

Asia. M 80 4 8 o 4 6 4 8 1 7 11 6 1 7 5 10 1 1 5 9
ax 4y o139 4980 25 99 1 03 7 8

1

M 73 3 85 35 4 7 1 7 1051 6 5 9 9 1 4 9
in 9 056 65 6 520 5 3 8 2 01 9 O

Euro M 80 4 8 6 4 6 4 8 1 7 11 6 1 7 5 10 9 1 5 9

pe ax 3931394990 2599 1 83 79
M 7% 3 8 535 4 7 1 7 1051 75 9% 9 1 5 9
in 8 4 9 9 96 96 42 8 3 4 14 0 1 0 3

Ocea M 8 4 9 6 4 6 4 8 1 7 10 6 1 7 5 10 9 1 5 9

nia ax 3 0213 9 4889 25 99 0 8 2 6 9
M 72 3 8 5 35 4 7 1 7 97 5 1 7 5 92 8 1 4 8



in 7 1 8 6 7 4 4 5 1 6 3 1 2 8 0 3 9
Sout M 82 4 9 6 4 6 4 8 2 7 11 6 1 8 6 10 9 1 5 1
h ax 4 13 2 495091 45 00 2 9 3 8 0
Ame 0
rica M 60 3 6 4 3 3 3 6 1 5 8 4 9 5 4 76 7 8 3 8

in 2 3 6 2 9 4 3 15 3 5 3 7 6 2
Nort M 80 4 8 6 4 6 4 8 1 7 10 6 1 7 5 10 9 1 5 9
h ax 3921383889 24 98 1 8 2 7 8
Ame M 75 3 8 5 3 5 4 7 1 7 105 1 75 92 9 1 5 9
rica in 8 2 77 95 96 35 73 R 7 31 0 2

All S protein sequences are leucine (L) and serire \3) rich. Tryptophan (W) and
methionine (M) were presented with the least frequencizs {Tuble 4). The widest variation in
frequency distributions of the twenty amino acids 02" u2 unique S proteins was found in
North America.

To obtain quantitative variations in the unique S p.oteins available in each continent,
differences between maximum and minimum ve :tr.re (20 dimensions) were obtained (Table 5),
and then Euclidean distances between the differ~1ce «cctors was calculated (Table 6).

Table 5: Matrix presenting the difference “.tween maximum and minimum frequencies of
amino acids present in the unique S proteins on eachcontinent

pirmrerence matrixA KN D C (QE GHI L K VI F | nd S I W Y V
ATrica 7 4 4 4 < 4 6 56 7 5 26 5 78 2 7 5
ASIa { 5 Y o] o) 4 8 4 b 10 [ 211 ( 1111 2 © o]
europe o) o ko) 4 a 4 3 b 3 5 8 4 Z O o] 5 8 Z b
Oceanlia Y b Y [ o) bovy 103 ( 12 0 Z 8 { g 1U Z2 13 1V
SOouUutnh Americas 5 /[ Y Q 4 3 4 2 5 4 5 1 0 1 Y b 1 / b
NOIrtn AmericazZzZz 12 28 W1 1U 25 15 22 Y 24 2ZY Z1 b Zo 1/ Z2b /2 5 272 18

Table 6: Pairwise Euclic'2an distances among the difference vectors of each continent
Distance matrix Aisi.~a ,Asia  Europe Oceania South America North America

ATrica 0.00 11.70 4.69 12.77 8.49 66.80
ASla 11./v U.UU 13.00 Y.uob 14.04 /.02
europe 409 13.0U 0.0V 13.30 8.4Y 038.38
Uceanla 12./( Y.Ub 13.3V 0.0V 160.03 vb.84
SOoUth America 8.4Y 14.04 3.4Y 16.U3 U.0U 0Y.UZ
NOrtnh America 0o0b.8U0 b57.0Z2 08.38 vb.84 0Y.02 0.0V

Based on the distance matrix, a phylogenetic relationship was derived among the continents
(Figure 2).
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Figure 5: Phylogenetic relationship among the six contir.en.c “ased on the variability of
unique spike proteins available in each continent.

Variations based on the frequency distribution ¢ a.~ino acids present in the S proteins
make North America (which belongs to the rijh.mrost branch of the tree) distant from the
other five continents (Figure 2). Variations a no..5 the unique spike proteins from Asia and
Oceania turned out to be similar, and thry v elu g to the same level of leaves of the far left
branch of the tree. Africa and Europe we: > found to be the closest in terms of variations based
on the frequency distribution of arrino acids over the unique spike proteins from each
continent. Variability of spike proteirs tiom South America has distant resemblance to that of
Africa/Europe as estimated in the Lhylogeny. The frequencies of amino acid distribution in
each unique S protein from each conunent are presented in Figures 6 and 7 (See Appendix ). The
widest variations of the frequeacy distribution of amino acids present in S proteins were
observed in North America s v'ide band was observed in Figure 7. Individual frequency
distributions of amino acids in Asia and Oceania seem very close as it was observed from the
phylogeny (Figure 5).

Variability through Shaian craropy

In principle, for a ran'lom amino acid sequence, the Shannon entropy (SE) is one. Here
Shannon entropy for each S protein sequence was computed using the formula stated in section 2.2
(Supplementary file-2). It was found that the highest and lowest SEs of S proteins from all
continents were 0.9643 and 0.9594 respectively. That is, the length of the largest interval is
0.005 which is sufficiently small. Also note that the length of the smallest interval was 0.001
which occurred in the SEs of S proteins from South America. Within this realm, the widest
variation of SEs was noticed among the unique S proteins of North America. All other four
intervals (considering lowest and highest) of SEs of all the unique S proteins from four
continents Africa, Asia, Oceania and Europe were contained in the interval of North America
and contain that of South America.

Table 7: Interval of Shannon entropy of unique S proteins from six different continents
SE: Continent Interval of SEs

SE of S protein: Africa (0.960825, 0.963239)
SE of S protein: Asia (0.961471, 0.963326)

Oceania

Africa

Europe

South America

North America
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SE of S protein: Europe (0.961539, 0.963254)

SE of S protein: North America (0.95934, 0.964314)
SE of S protein: Oceania (0.961525, 0.963042)
SE of S protein: South America (0.961589, 0.962895)
Among all (20**"®) possible amino acids (20 in number) sequences of length 1273,

Nature(?) had selected only a fractionto make S proteins of SARS-CoV-2, and interestingly
SEs of them were kept within a very small interval. From the SEs which were close to 1, the
S protein sequences are expected to be pseudo-random. Variation of SEs for all unique S
proteins from each continent is shown in Figures 5 and 6 (See Appendix ). Conservation of
amino acids present over each S protein from each continent is different from one another
which is depicted by the zig-zag nature of SEs plots (Figure 8 and 9).
Variability through isoelectric point

For each S protein sequence from each continent isoelectric point (pl) was computed
(Supplementary file-3). Intervals (considering minimum and =ax.mum) pls of unique spike
proteins from each continent were tabulated in Table 8.

Table 8: Interval of isoelectric point of unique S protein. fio. six different continents

pl: Continent Interval of Pls
pl of S protein: Africa (6.44, 7.09)
pl of S protein: Asia (6.21, 7.08)
pl of S protein: Europe (6.21, 6.99)
pl of S protein: North America (5.61, 7.79)
pl of S protein: Oceania (6.31, 7.09)
pl of S protein: South Anreric 4 (6.36, 6.99)

It was noticed that pls for all the umaue S proteins from the six continents were distributed
between 5.61 and 7.79. Thelargest inc~val of pls was found for the unique S proteins from
North America. Therefore, the widec* varieties of unique S proteins were found in North
America.

The degree of non-linearity of the plots of pls for each protein from each continent shows
wide variations of unique S pro.~ins (Figures 10 and 11 (See Appendix)).

. Discussion and concludirg vei..arks

Various mutations ir S rroteins lead to the evolution of new variants of SARS-CoV-2
[43]. Naturally, our atte.~tion was captured to characterize unique S protein variants which
were embedded in SARG-CoV-2 genomes infecting millions people worldwide [44]. As of
May 7, 2021, there are 127760 patients infected with SARS-CoV-2 with 16143 S protein
variants, which undoubtedly well-organized by means of amino acids composition and
conservation as it was depicted by Shannon entropy and isoelectric point. Among the unique
spike proteins present in a continent, many of them are common in other continents as well
(Table 2). On the other hand, there are still a handful of unique spike protein variants residing
in each continent. Considering the nature and biological implications of the new variants of
SARS-CoV-2 caused by different mutations in S proteins, the appearance of several unique S
variants in SARS-CoV-2 is certainly a worrying event. [45]. There are still many unique S
protein variants in all continents that may spread from person to person through close
communities or by spontaneous mutations causing a condition that may become alarming.

Comparative analysis revealed the presence of some weak correlation between the per-
residue mutability and intrinsic disorder predisposition of S protein, with residues possessing
higher disorder predisposition typically showing higher mutation rates as well. For example, the



mean disorder score of 89 residues that were mutated 10-18 times is 0.35 + 0.18 as compared
to the mean disorder score of 0.26 £ 0.12 for 155 residues with 0 and 1 mutations. Curiously,
the most disorder region of the S protein (residues 675-691), which includes the furin cleavage
site (residues 680-686), was shown to be characterized by high mutation frequency, with Proggs;
(which was mutated 17 times) being second most frequently mutated residue of this protein.

We observed that unique S proteins from North America have mutations in almost every amino
acid residue position (1184 out of 1273), while unique spike variants from the other continents
only have mutations in 16 to 20% of residues. So, even if international travel is limited, S
proteins from these five continents will likely acquire mutations at other residue positions
where mutations have already been found in the specific variants from North America due to
natural evolution. Based on theamino acid frequency distributions in the S protein variants
from all the continents, a phylogenetic relationship among the continents was drawn. The
phylogenetic relationship implies that unique S proteins from North America were found to
be significantly different from that of other five continents. Therefu,~ the possibility of spreading
the unique variants originated from North America to the othe ge.graphic locations by means
of international travel is high, and numerous mutations h.2%c een detected already in the
unique variants from North America. Of note, South Ame-ica infection/herd immunity status
may have summarized by Manaus city example (the ccital of Amazonas state in northern
Brazil) where by June 2020 to October 2020 SARS-"oV-2 prevalence among Manaus
population increased from ~60% to ~70%, a conditinn ~hich may mirror acquisition of herd
immunity [46]. By January 2021 Manaus had a " e resurgence in cases due to emergence of
a new variant known as P.1, which was respan.«h'a for nearly 100% of the new case [47].
Although the population may have then reiched a high herd immunity threshold, there is still a
risk of resurgence of new immunity-escone variants, which raises important questions. For
example, 1. Is post-infection herd immunizy not enough for protection and should it be
combined with vaccination? 2. Will the ~rucial viral variants (mutations) be listed by WHO
and recommended to be included ‘n “\.2xt generation vaccines”? [48, 49]. In addition, we
cannot yet exclude the possibilit, >f _crious mutations in the viral RBD emerging in India
and the USA [48].

Let us have a brief glance at (e potential consequences of the mutations in S-protein from
the viewpoint of protective imr.unity towards SARS-CoV-2. It is known that the protective
immunity towards infectiui. and disease depends on the presence of high avidity antibodies.
This is because high ~wil'itv of neutralizing antibodies, which is defined as the strength of
antibody-target epitope n teraction, plays an important role in antibody-mediated protection
against viral infections |12]. High avidity (functional affinity) is established during affinity
maturation, as the avidity of IgG is low during acute infection and reaches high values several
weeks or months later [50, 51]. Importantly, incomplete avidity maturation of 1gG directed
towards the often leads to the failure of the protection against viral infections and/or resultant
diseases, as was shown for varicella zoster virus (VZV), cytomegalovirus (CMV), the
measles virus, Dengue virus, the respiratory syncytial virus (RSV), Simian human
immunodeficiency virus (SHIDV) [52, 53, 54, 55, 56, 57, 58, 59]. Since the interaction
between the receptor-binding domain of SARS-CoV-2 spike protein and angiotensin-
converting enzyme-2 (ACE2) on target cells is characterized by high affinity, it is expected
that the protective anti-SARS-CoV-2 antibodies should possess high affinity/avidity to be
able to block this high affinity RBD-ACE2 interaction [11]. Recently, it was shown that the
serological response to SARS-CoV-2 is frequently characterized by the incomplete
maturation of avidity [60, 50]. It was also proposed that such incomplete avidity maturation
represents an essential strategy of coronaviruses determining high probability of repeated



waves of reinfections with these viruses due to the short-lasting protective immunity [61, 62,
12]. Furthermore, an unexpected scenario was recently uncovered, where the natural SARS-
CoV-2 infection does not lead to the establishment of a high avidity immune response and
therefore does not have a good chance for the development of complete protection against
SARS-CoV-2 and for establishment of herd immunity [63]. On the contrary, complete avidity
maturation was achieved with two rounds of vaccination, whereas the quality of the immune
response after natural infection was similar to that generated by one vaccination step and did
not reach the quality of complete vaccination with two steps. Therefore, the scenario
occurring in Manaus city can be considered on the basis of these new findings. In fact, it is
obvious now that despite the high COVID-19 prevalence reached in this city, no herd
immunity could be expected retrospectively, as natural infection is insufficient for the
establishment of a high avidity immune response and related development of complete
protection against SARS-CoV-2 [63]. Therefore, it seems likeiv that the herd immunity can
only be reached through at least two vaccination steps [63]. It 1s 2lso expected that the herd
immunity might be partially or completely overrun by tk2 n.vel SARS-CoV-2 variants
showing higher affinity of RBD-ACE2 interaction that that . £ u.c originally infecting variant.

Hence in the near future, we can expect to experierce mr.,re new SARS-CoV-2 variants
which might cause third, fourth, and fifth etc. waves ~f COVID-19. Therefore, massive
vaccination is necessary to combat COVID-19, a~1 o, course, existing vaccines must be
reviewed, and if needed further re-engineered may e .=quired based on newly emerging S
protein variants.

Altogether, data presented in this study nu:~=e that although unique variants of the
SARS-CoV-2 S protein are rather abunda- ., the:’ are unevenly distributed among continents,
with Africa possessing highest percentag= ~f unique S variants, and with unique S proteins
found in North America being ncticeably different from the variants seeing on other
continents. It is likely that these uniaiie ariants can spread to continents where they have not
been detected before. Furthermore, this .nhomogeneity raises an important question on why
the currently observed differencr. > uie number of unique variants of S protein (reflecting
frequency of its mutagenesis) is cn great. It cannot be easily explained by the differences
between the continents in the number of COVID-19 patients (reported SARS-CoV-2-positive
cases). In fact, according to Wo.ldometer, as of September 10, 2021, there were 8,087,058,
72,407,564, 56,618,705, 1o 142, 50,106,216, and 37,213,429 recorded COVID-19 cases in
Africa, Asia, Europe, Ncu~naa, North America, and South America, respectively. Obviously,
these infection levels do 1ot correlate with the corresponding numbers of unique S protein
variants (see Tables 1 and 2). There is also no strong correlation between the reported S
protein variability and levels of genomic sequencing in different continents (which serves
now as a real-time molecular/genomic SARS-CoV-2 surveillance). In fact, it was reported
recently that as of 5 July 2021, 25,284 whole-genome sequences from Africa (0.32% of all
reported SARS-CoV-2-positive cases from that continent), 146,562 from Asia (0.30%
coverage), 1,292,415 from Europe (2.35% coverage), 692,704 from North America (1.75%
coverage), 37,913 from South America (0.12% coverage) and 20,613 from Oceania (25%
coverage) had been generated [64]. Therefore, although these numbers reflecting levels of the
continent-wise coverage show a heavy bias toward the regions and countries with more
specialized genomic facilities, programs, and research projects, there is no strong correlation
between the coverage and established S-protein variability [65, 66].

An intriguing possible mechanism of the observed differences in the rates of virus
evolution is the presence of a conceivable variability of the ACE2 gene in different continents
that might have an impact on the variability of the viral protein as well. In line with this idea,



[1]

it was recently reported that the expression levels of ACE2 can be elevated up to 50% due to
the differences in the frequency of the rs2285666 polymorphism (the TT-plus strand or AA-
minus strand alternate allele) among Europeans and Asians, with this difference playing a
significant role in the SARS-CoV-2 susceptibility [67, 68]. Similarly, based on the
comprehensive analyses of the allelic frequencies of the polymorphisms in the ACE2,
TMPRSS2, TMPRSS11A, cathepsin L (CTSL), and elastase (ELANE) genes in populations
from the American, African, European, and Asian continents it was concluded that the non-
coding sequences of these genes encoding proteins related to the SARS-CoV-2 cell entry
contain numerous polymorphisms with possible functional consequences [69].
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Appendix

Table 9: List of pairs of identical spike proteins of SARS-CoV-2 originated from six

continents
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Europe Africa Oceania South America
America
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Spike: Asia- Spike. Asia- | Spike: Asia- | Spike: Asia- Spike:Asia-North
North America |[Nor:h America North North America
America America
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(ALLZ INADLSI) (ALY NAKES2) NATT29) N1 P135)




\ALL0, MASLIL) T NARTF3) NAEE30) NA71dg) NX{Y225)
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“fé’sgg
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Table 10: List of pairs of identical spike prot:ins of SARS-CoV-2 originated from different
201 tinets
Spike: Spike: Africa-  Spike: Spike: Spike: Africa-South Spike:
Africa- North Africa-Narth  Africa- America Europe-
Europe America Amerira  Oceania North
America
(AF2, U2) (AF2, NA928) (Ar.”1, (AF1, O3) (AF82, SA13) (u2,
{RC566) NA928)
(AF3, U3) (AF3, NAYYZ) 'Ql/‘\ﬁl_’j]eé'é) (AF3, Ub) (AFL11lb, SAZZ) N%‘f@ 2
O e ALt SA)
| N%\ESA’S) @918\?%) (/-\I-Zb'd1 5/—\/1) NA%SSO)
Mﬁ'??é%?) NAFG 42) {  SAM) NASS8)
ek Gty it
L N
(/-\ 0), ﬁ3%§6) l&IA|_6v9_6/2’) N L3«:477)
EO dﬁ%iés) N:/\Azbf)o) Nkus_%’z)
Ay et
i Wil
oy A N N
I\$A421)28) NA?ZZﬂ N&A444’8)
(AF263 (AF64, (AF149, Spike: Oceania-South (U30,
NA4832) NA7286) America NA4508)
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u187) NA5149) NA7299) _ o NA4715)
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NAST6y  NATETS) (0390, 5A32) NA2E7)
NABZo2)  NATZZY) \Davz, SARS) NA4GH9)
NABZSs)  NATERY) (OLLU4, SAM) NALOR3)
NABSSE)  NAT7eA) NAB129)
ALsos)  NAsia) NAB167)
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Table 11: List of pairs of identic~' si.*".e proteins of SARS-CoV-2 originated from different
continents

Spike: Europe- Spike: Eu. "pe-Oceania Spike: North Spike: North Spike: South

North America America- America- America-North
o~ Oceania Oceania America
(U92, NA6723) (J3, 05) (NA992, O5) (NA6751, (NA3313, SAl)
0398
(UY3, NAb/ (5) (UZb, L43) (I\|6\5§)/3, (N&%BO)Z, (NA455U, SAY)
(UY4, NAbBbZ) (U3U, UbLB) (N(/S\élg 4, (N(ﬂ_\4601(30’ (NA4/720, SAT)
Urnasy U o oAk o
’ ' 058) 404) " Al13) "’
(ULUU, NA712Y) (UBL, U3YV) (I\I6\él5/)ob (Nél-}lllgb, (I\IS/-Abl% {,
(ULU3, NA71YY) (UYY, 04U2) (Néétgs%)l, (I\I(5-\4/1£§ 2, (I%AAbi 1,
(ULU4, NA7312) (U118, U1U32) (Né—\l%%jl, (Nd—\4{2t?2' v, U\ﬁ% b,
(ULUb, NA7431) (Ulsl, U11U4) (N&bl%)l, (I\I&/Z 11, (I&bzll 1,
(ULU/, NA7DHY) (Né—\ltzljgzgts, (N&g&ﬁ;z, (I\é/—Abz]gb,
(U111, NA7679) | Spike: Europe-South | (NA5194, (NA7845, (NAB299,
America 0201) 0633) SA25)
(U112, NA7884) (U9, SA1) (NA5200, (NA7901, (NA6373,
0225) 0645) SA27)




(U113, NA/Y14) (u4l, SAll) (N&%% o, (I\I6-\7%'::)L' 4,

(U114, NAYU/5) (Ub3, SALS) (NERS(2, (NAS6Z0,
(Ul1b, NAYL8U) (UBU, SA32) (NALH3B, (NAS /U3,
(U11/, NAY18Y) (U84, SA3H) (Ng-\zb:;bz Y, (Ng/:\\;%g /
(U11Y, NAYZ64) (UYY, SA42) (NERRYS, (NASL
(U121, NAYZES) (U124, SAb3) (NERSAY, (NAS4,
(U122, NAYZ84) (U181, SA/1) (NEQ334, (lEB/i\gg)i
(U123, NAY33U) (NER3NS, (NAYSSS,
(U12b, NAY4SY) (NAL4ZY, (NAY3HU,
(U131, NALU312) (|%%;§ / (%%\gg?"
(U137, NALU45/) (NERS(S, (NAY 7/(;)%4
(U141, NALUGbY) (NALbLZU, ‘NABIL,
(U144, NALUS11) &95§ O 1]?%%%&)

(U14b, NALUYS/)
(U148, NALLUL3)
(U151, NALLZZb)
(U153, NALL3b/)
(U154, NAL14b5b)
(Ulbb, NALL4bb)
(U158, NAL311U)
(U1bU, NAL3Z53)
(UL/b, NAL3414)
(UL//, NAL35S5L)
(U179, NAL3bZb)
(U181, NAL3b3b)
(U187, NAL4ULU)

Table 12: List of spike pro*eins rom Asia, which were found to be identical with spike
proteins from other five £o. tuents

Al A71 A115 /1iTA07 A239 A280 A344 A388
A8 A76 Al121 Al1/RA210 A244 A282 A345 A391
Al12 A77 A122 Al17:A211 A245 A283 A348 A394
Al4d A78 A126 AL175A212 A247 A284 A351 A395
Al5 A85 Al127 Al77A213 A249 A286 A354 A396
Al19 A89 A128 Al178A214 A253 A291 A356 A399
A23 A90 A133 A180A215 A254 A292 A357 A401
A26 A91 Al134 AIl181A216 A255 A293 A358 A404
A28 A93 Al135 A182A217 A257 A304 A359 A405
A30 A9 A138 A183A218 A258 A305 A360 A408
A31 A% A140 AI191A219 A264 A322 A367 A413
A32 A97 Al42 A193A221 A265 A323 A373 A418
A33 A100 A148 A195A222 A267 A324 A375 A419
A34 A101 A158 A196A223 A273 A325 A378 A430
A36 Al102 A159 Al198A224 A274 A333 A379 A431

A43 Al103 Al61 A199A230 A275 A335 A380
A44 A105 A163 A200A233 A276 A340 A381
A58 Al109 Al64 A201A234 A277 A341 A383
A67 Al1ll A166 A205A235 A278 A342 A386



A69 All4 A170 A206A238 A279 A343 A387

Spike proteins (Asia) which were found to be identical with spike proteins from other five continents

Table 13: List of spike proteins from Africa, which were found to be identical with spike

proteins from other five continents

AF1l
AFZ
AF3
ARS8
AFY
AF1Y

AF31

AF34
AF38
AF40
AF4/(
AF48
AFSU

AFbl

AF58 AF79 AF101
AFb4 AFBZ AFLU3
AFbY AF83 AFLU4
AF/1 ARS8 AFLUS
AF(2 AFYU AFLUB
AF(3 AFYZ AFL14
AF/b AFYY AFLLH

AF117
AF113
AF11Y
AF12U
AF121
AF123
AF125

AF128
AF13U
AF131
AF133
AF134
AF13/
AF133

AF145
AF14b
Ar14(
AF14Y
AF151
AF152
AF154

AF156AF227
AF1boAFZZ2Y
AF168AFZ3U0
AFL/YAFZ31
AF1Y0AF24/(
AF1Y0AF248

AFZZ3AFZ204

AF263
AFZb3
AFZ/1
AFZ/(8
AFZ83

Spike proteins (Afria) which were found to be identical with spike proteins from other five

continents

Table 14: List of spike proteins from Europe, which were fourd tu he identical with spike

proteins from other five continents

U2
U3
u4
U/
Ud
Uy

Ul8 u4l
UZZ U4z
UZ3 U4o
UZb u4/
UZ8 UsZ
U3du Us3
UlU U34 U4
Ull U3b Udo
Ul/ U38 Ud/

u63
Ubb
UrZ
U/b
U/
Uy
(ULe]V)
UgZ
Ud4

U85
Uay8
UYy
UYZ
UY3
Uy4
UYs
Uy

U1luu

U103 U117
Ulu4 U118
UlUb Ul1lY
UlU/ UlZ1
Ulll UlZZ
UllZ U123
Ulls UlZ4
Ull4 UlZ6b
Ullb U131l

U137
U141l
U144
U146
U143
U151
U153
U154
ULhs

U.58

Ulnu
UL/
UL/l/(
Ul/rY
Ulsl
Ul8/

Spike proteins (Europe) which were found « Ye \“entical with spike proteins from other five

continents

Table 15: List of spike proteins from Ncth America, which were found to be identical with
spike proteins from other five contir era.

NA7 NA391

1
NAS3YY
6

NAZYS
NAGUZ
NAGUZ
NAGUS
NAGU
NA4LL
NAgLb
NAgZ24
NAGZl
NAGZY
NAGS/
NAZSY
NAG43
NAg44
NA%éLbU
NAZ453

NAZ31L
NAS/
NASEY
NA3SYU
NA4UZ
NAYUZ
NAYZ8
NAYYZ
NAL1U
I\I/-\A'll'd
I\I/—\llZZ
I\I/-é.ZH
NAL134
I\IEM&
I\I/-\géUb
NAZbY
I\IQ’iZZ

NA483 NA559

7 5
NA486 NASE"
1 6

N/—\74z59 l}l/—\bb,_'
I\l/-\949t5 Per U+
1
N/—\l',;') L2004
NAbLUL N Abbb
J
NALUZ NALLY
Apuel
|\|Albu4 |3}|/—\bb9
NALUE NAbL (2
APUBH
N/—\S‘)lu 2|/—\b/4
I\IA7b13 gl/—\btil
N/—\9bl4 Bll-\btjl
NAlblb Sll-\btiz
N/—\7‘)16 Bll-\b&i
N/—\zbla 9|/—\sz3
I\I/—\é)ltj 2|/—\b6/
NA4blu 91/—\592
NALZU NALY

PALLS
1
N \8(51/
I\I/Jg)lti
I\IP%)lU
I\I/—\é‘j24
I\I/—\A?Z4
I\I/—\Sbe
I\I/—%bz {
I\I/—\§529
I\I/—\9629
I\I/—\Sb'dU
I\I/—\fljz
I\I/—\f'd'd
I\I/—\§53/
I\I/Jéb'dﬁ
I\I/—\ObLSH
NASbSE:’
NAbLSIY

NAG651
0

I\I/—\5bbl
I\I/-\?bz
I\I/—bbb4
I\I/—\Obbb
I\I/—\?’bbb
I\I/—\éﬁbb
I\I/-\;)b/
I\I/—%bb/
I\II-\beU
I\I/—\6bbl
I\I/—\Obe
I\IPébe
I\I/—%bbz
I\I/—bbb'd
I\I/—\gbbb
N/—\fbb
NADbbd

NAG81
0

I\I/-\thil
N/-%b54
N/—\7b5':)
I\I/—\thib
I\I/-\3b9U
I\I/-\GbSJl
I\I/-\6b9':5
I\I/—\f&ﬂl
I\I/—\9694
I\I/-\3b9b
I\I/—\ZbSJb
I\I/-}jb&ﬂb
I\I/—b/ uu
I\I/-\5/ Ul
I\I/-\5/ )4
NA6/ Uo
NA/US

NA730 NA870

0 3
I\I/—E/'dl 9|/—\t$/t$

I\I/-%/'db l}l/—\tﬁtﬁl
I\I/—\sl'dl I4\.|/-\t5t52
I\I/—\2/4U %I/—\QU/
I\IPb/4'd I:EII-\UUU
I\I/—\1/43 Iall-\&)lti
I\I/-\3/4b NAY1l8
9
I\I/—\7/4/ QIAHZb
I\I/—\Olbl %I/—\&)Zb
I\I/—\lle I?}I/-\UZB
I\I/—\3/bb EIAHZB

NA9792

NAYB34
NAYsY1
NAYYLU
NALUZS
I7\l/-\lUZ/
SN/-\lU'dl
51/—\1U34
2N/—\1U44
NAL1U45
I7\l/-\lUbb
iN/—\lUBl

I\I/-\/bb EII-\UL'SZ %l/—\lUEM

NA/S/ NAY33
I\I/-\6/b4 IQI/—\U'd'd
I\I/-\4/b/ ﬁl/—\&fdb
N/—\gltil RIA94Z
I\I/-\llb'd RI/—\U4b

NAL1UYE
7

I3\I/-\llUl
%I/—\lll'd
NA11Z2
)

NAL113U

NA1339
0

N/—\134%
NAL34.
NAL34,

NAL1344
I\l/-\].'\illér
N/—\].'d45
NAL35

N/—\l'dbz
NAL3S/
N/—\l'db?
N/—\].'db"é.é‘r
N/—\l'\ibg
N/—\l'dbg
NALS/Y
NALS /4
NAL1384
I\I/-\l'dﬁ:}



8
NF?S]. N

I\I/-\%'dti N
I\I/-\§54l5
NA734/ N
I\I/-gibb
Nngb N
I\I/-Ei/b
NFg/b N
NA73/9 N
NAZE/

3
NF?BH

NA4o55
9

I\I/—\7463

g

NA4/1L
o)

I\I/-\04 /8
I\IP2483

/ U /

454
455

NFEJZU 5\]/-\599
|\|/—\§ZU Bl/-\bUb
|\|/—\2525 9|/—\bUb
NAbS3/ NAbUL/
Apsl AL
NAlb4/ Bl/-\bUU
N 48 NALbUY
APAB FIAS
|\|/-})b49 |]§|/-\b1U
NF\éJbl 5\]/-\614
NAbLYHY3 NAbl4g
APos FIAG
|\|/—\4L:)b/ gl/—\blll-
N%)b/ k\l/-\blb

462

4(2
475

b
N/—§b39
I\I/-‘g)llU
I\I/-\8b4l
N/—\f42
I\I/-\A?42
N/—bb'42
I\I/-\5b44
N/—}?4b
N/—\564b
I\I/-\2649
N/—bb49

3 /
NAbb8 NA/Ub
I\I'L\zby I\I/-\b/UH

B0 Y
I\I/-\f/U I\I/-\9/lZ
NAb/U NA/(1Y

PNy
I\I/-\g?/l NA/1Y
NAb/Z NA(ZZ

npre MY
I\I/-\f/b I\I/-\7/ZZ
NAb/o NA(Z3

B0y
I\I/-\5b// N/-‘é)/d4
I\I/-\(gj/ts NA/Z28

6
NAb/Y NA/ZY
2 VY

I\IP;/ 84 g\l/—\94b

I\I/—\4/t$t$ gl/—\&ﬂbb
NA/8Y NAYLY
I\I/—\2/9U %I/—\Qb&ﬂ
I\I/—\j;r/Hl él/—\&dbl
I\I/—thbU b\l/—\&ﬂbs
NAAESbl %I/—\be
I\I/—‘btiblT I}/—\Qb/
I\I/—\Stibb IEI/—\Q (Z
NABo/ NAY/b
N/—g’(”o4 §IA9 [/

o)
l}l/—\lllﬂb
NA1145
6N/—\].].llb
6N/—\llbb
%/—\llb/
4N/—\lltﬁ /
g/—\l'dll
Al3Z0
NAL13Z8
%/—\lSSU
§/-\133b

U
N/—\llﬂUé&
NAL3Y
NA140
NA1401
N/—\l4U2

Spike proteins (North America) which were found to be identira: *viu1 spike proteins from
other five continents

Table 16: List of spike proteins from Oceania, which were rcund to be identical with spike
proteins from other five continents

030105

OoV114
0280148
0360201
0430225
0b80Z238
OboL3bY
LUB3L3/U

0373
03/4
Q37 /
038/
0388
038Y
039U
U3yl

0392
O3Yo
0398
0400
0401
0402
0404
U415

04190770
04220 (98
05040850
LbZ508806
0631088Y
0b3301U1/
04501032
U /75101U35

0203

1o
U10/06
Q1079
1104

Spike proteins (Oceania) which were foud to be identical with spike proteins from other five

continents

Table 17: List of spike proteins rom South America, which were found to be identical with
spikc nroweins from other five continents

SA1SA13 SA22
SALSALE SAZO
SALSALY SAZb
SAISAZU SAZ(
SALLISAZL SAZB

SA29
SASU
SAZ”.
SA3S
VAL

SACSSA44
2.\335A40
< A415A00
S A4Z5A01
OAL43S5AbS

SA66
SAbY
SAU
SA/L

Spike proteins (Oceania;, which were found to be identical with spike proteins from other five

continents
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Figure 8: SE of unique S proteins from different continents
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Isoelectric point of unique spike proteins from Africa
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Figure 11: Isoelectric point of unique S proteins from different continents



